Surface-applied dairy manure can increase P concentrations in runoff , which may contribute to eutrophication of lakes and streams. Th e amount of dietary P fed to dairy cows (Bos taurus) and the timing of a rain event after manure application may further aff ect runoff P losses. Th e objective of this study was to examine dietary P supplementation eff ects on manure and runoff P concentrations from rain events occurring at diff erent time intervals after manure application. Manure from dairy cows fed an unsupplemented low P diet (LP; 3.6 g P kg −1 ) or a diet supplemented with either an inorganic (HIP; 4.4 g P kg -1 ) or an organic (HOP; 4.6 g P kg −1 ) source was hand-applied onto soil-packed pans at 56 wet Mg ha −1 . Th irty min of runoff was collected from simulated rain events (30 mm h −1 ) 2, 5, or 9 d after manure application. Total P (TP) concentrations in runoff from HIP and HOP diet manure from the 2-d rain were 46 and 31% greater than that of the LP diet. Runoff P concentrations from high P diets were numerically higher than that of the LP diet at 5 and 9 d after application, but diff erences were signifi cant only for dissolved reactive P (DRP) at 5 d. Large decreases in runoff TP (89%) and DRP (65%) concentrations occurred with delay of rainfall from 2 d until 5 d. Th e proportion of TP as DRP increased as the time between manure application and runoff increased. Results showed that reducing dietary P and extending the time between manure application and a rain event can signifi cantly reduce concentrations of TP and DRP in runoff .
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Dairy Diet Phosphorus and Rainfall Timing Eff ects on Runoff Phosphorus from Land-Applied Manure I n P-limited lakes and streams additions of P can cause increased eutrophication that negatively impacts water quality (Carpenter et al., 1998) . Algal blooms associated with eutrophication can lead to drinking water impairment and other human health concerns, and decreased dissolved O 2 resulting from decomposition of algae and other vegetation can cause fi sh kills, foul odors, and overall aesthetic and recreational degradation Sharpley et al., 1994; Sharpley et al., 2000) . While multiple sources contribute to P in surface waters, agriculture is considered a major one (USGS, 1999) . In the Champlain Valley, a dairydominated area of Vermont, New York, and Quebec, agricultural nonpoint-source pollution accounts for approximately 56% of the P load to Lake Champlain (Hegman et al., 1999) . While manure on dairy and other livestock farms is a valuable nutrient resource for crops, manure application, especially on the soil surface, can signifi cantly increase runoff P losses (Smith et al., 2001; Kleinman et al., 2002) .
Various practices are recommended to reduce runoff P losses from manure application. Examples are applying manure based on P soil test recommendations, establishing cover crops and buff er strips, using conservation tillage to maintain crop residue cover, and implementing improved manure application methods. However, the use of these practices alone will not provide longterm reductions in nutrient losses unless the whole-farm nutrient budget is taken into consideration (Anderson and Magdoff , 2000; Sharpley et al., 2000; Jokela et al., 2004) . On average, 40 to 80% of P imported onto New York and Vermont farms, primarily as feed and fertilizer, remains on the farm (Allshouse et al., 1997; Galo, 2002; Klausner, 1995) . Most of the imported P is applied to the land as fertilizer or manure, resulting in a build-up of soil P that can translate into increased runoff P concentrations Jokela et al., 2004) .
Several studies have shown that dietary P levels fed to dairy cattle can be reduced substantially without negatively aff ecting animal health or production, with a resultant decrease in manure P. Morse et al. (1992) illustrated that reducing dietary P from 4.1 to 3.0 g P kg −1 feed lowered manure TP concentrations by 23%, and Wu et al. (2000) also found a 23% decrease in manure TP when dietary P was changed from 4.9 to 4.0 g P kg −1 feed. Such reductions in dietary P would help balance the whole-farm P budget, as well as directly reduce the potential for P runoff losses from land receiving manure. In a study by Ebeling et al. (2002) , runoff from surface-applied dairy manure from a diet containing 4.9 g P kg −1 feed had approximately four times greater TP concentration and nearly 10 times higher DRP concentration than a diet of 3.1 g P kg −1 feed when both manures were applied at 56 wet Mg ha −1 . Another factor aff ecting P losses from land-applied manure is the time between manure application and a runoff -producing rain event. Westerman and Overcash (1980) showed runoff TP concentrations from fl ushing of plots with water 3 d after surface application of liquid swine or poultry manure on fescue were approximately 1/10th those from runoff 1 h after application. Sharpley (1997) found signifi cant, though smaller, decreases in runoff DRP from soil-incorporated poultry litter with a delay in simulated rain from 1 d to seven or more (maximum 35) days. Schroeder et al. (2004) showed decreased TP and DRP runoff losses from surface-applied poultry litter with simulated rain at 30 d compared to immediately after application. In an experiment with a later initial runoff event, Edwards and Daniel (1993) examined runoff P concentrations from simulated rain 4, 7, or 14 d after swine (Sus scrofa) slurry application on fescue and found no signifi cant diff erences. We found no published results on the eff ects of dairy manure application-runoff event interval on P runoff , nor on whether there was an interaction between timing of runoff and dietinfl uenced manure P.
Th e objectives of this research were: (i) to evaluate the effects of dietary P levels and source of supplementation on dairy manure and runoff P concentrations, and (ii) to determine the eff ect that time between dairy manure application and a runoff event has on the runoff TP and DRP concentrations.
Materials and Methods
Th e experiment was designed to compare manure from dairy cows fed unsupplemented diets that meet P recommendations of the National Research Council (NRC, 2001 ) to diets supplemented with diff erent P sources to achieve higher P levels ( >4.0 g P kg -1 ) typical of those commonly fed on commercial dairy farms. Th e eff ect of time of rainfall on runoff P was evaluated by initiating simulated rainfall 2, 5, and 9 d after manure was applied to pans.
Field Methods
Nine multiparous lactating Holstein cows at the University of Vermont Miller Farm Research Center were randomly assigned to one of three diets. Cows were >105 d post-partum, assumed to be in positive P balance, and averaged 38.0 ± 2.6 kg milk per day. Diets were fed ad libitum as total mixed rations consisting of, on a dry matter basis, 7.3 kg corn silage, 3.7 kg legume/grass haylage, and 9.9 kg concentrate mix that varied in P content. Diet 1 was formulated without any P supplementation (low P, or LP), Diet 2 was supplemented with inorganic dicalcium phosphate (high inorganic P, or HIP), and Diet 3 was supplemented with an organic P source, wheat (Triticum aestivum L.) middlings (high organic P, or HOP). Th e resulting dietary P levels in the total mixed rations were 3.6, 4.4, and 4.6 g P kg −1 feed for the LP, HIP, and HOP diets, respectively. Cows consumed 21.8 ± 2.0 kg dry matter per day, and no diff erences in intake were observed between diets. Th e three P diets were fed for a 10-d transition period, at which time manure collection began. Cows were housed in individual tie stalls with no organic bedding material. Th e concrete fl oor behind the cows was covered with a heavy plastic tarp and berms separated each group to assure complete collection of manure and urine and separation by treatment. Manure was collected two times per day as a composite sample of the three cows fed a given diet. Th e manure from each diet was placed in separate 133 L plastic refuse containers, covered and stored in a wellventilated barn for 2 wk until applied to rain simulator pans. Feed samples for each diet were taken daily and composited for the collection period for subsequent nutrient analysis. All animal procedures were approved by the University of Vermont Institutional Animal Care and Use Committee.
We followed the protocol of the National Phosphorus Project for pan and rain simulator design (SERA-17, 2002; Humphrey et al., 2002) except that the holes in the bottoms of the pans were taped closed to control macropore water losses and to assure soil saturation and runoff . Th e dimensions of the galvanized sheet metal pans were 1 m long, 20 cm wide, and 7.5 cm high with soil packed up to 5 cm matching the height of the front side of the box. Th e pans were packed with sieved (10 mm), fi eld-moist Limerick silt loam soil (coarsesilty, mixed, active, nonacid, mesic Fluvaquentic Endoaquepts) to an approximate bulk density of 1.25 g cm −3 . Soil test P by Modifi ed Morgan's extract (McIntosh, 1969 ) was 4.6 mg kg −1 (optimum), and pH in 0.01 M CaCl 2 was 5.2 (5.8 water pH equivalent). Manure from all three diets was hand-applied to the soil pans by pouring the manure from a small bucket and spreading it evenly over the soil surface with a trowel to achieve a rate equivalent to 56 Mg ha −1 wet weight basis. Phosphorus application rates were 30 kg P ha −1 (LP), 49 kg P ha −1 (HIP), and 62 kg P ha −1 (HOP), based on analysis of manure samples from each diet treatment.
Th e pans were placed in a rain simulator (Joerns, Inc., West Lafayette, IN)) at a 5% slope. Well water (pH 7.8 and concentrations of Ca, Mg, K, and P of 34, 20, 2.7, and 0.62 mg L −1 ) was pumped through a TeeJet no. 24 nozzle (Spraying Systems Co., Wheaton, IL) at an average fl ow rate of 90 mL s . Th is intensity for 30 min is a one in 10-yr event in Burlington, VT (Wilks and Cember, 1993) . Th e nozzle was positioned approximately 305 cm from the surface of the soil. Runoff was collected in 19 L plastic buckets for 30 min after runoff initiation from each individual pan. Runoff was generated by conducting rainfall simulations 2, 5, or 9 d after manure application. Each rain simulation included three replicate pans of each of the three dietary P manures plus three nonmanured pans.
Laboratory Methods
Dietary TP in each total mixed ration was determined using a dry ashing method for P followed by a sulfuric acid digestion (Bertramson, 1942) , modifi ed slightly by using a hot plate instead of a steam bath to evaporate liquid. Th e digested solution was analyzed using inductively coupled plasma atomic emission spectrophotometer (ICP-AES). Manure samples were oven-dried at 65°C, mechanically ground through a 1-mm screen, and analyzed for TP and water-extractable P (WEP). Water-extractable P in the manures was determined using 0.3 g dry manure in 30 mL distilled water (Dou et al., 2000) . After 60 min of shaking, the solutions were centrifuged at 6000 rpm for a minimum of 30 min and then passed through a 0.45μm pore diameter fi lter. Water-extractable P content was determined using the molybdate-reactive P method (chlorostannous-reduced molybdophosphoric blue color method in hydrochloric acid; Jackson, 1958) . Manure was analyzed for total P using the EPA-3051 method for microwave-assisted acid digestion of sludges, soils, and sediments (USEPA, 1995), as modifi ed by the Vermont Agricultural and Environmental Testing Laboratory to compensate for the higher organic matter content of manure and to assure complete digestion of the samples. Th e revised method consists of adding 0.3 g of sample to 10 mL of concentrated HNO 3, digesting the sample, and then diluting to 100 mL with 0.01 M HNO 3 and measuring the P content with an ICP-AES.
Samples of approximately 500 mL were taken from the runoff collected in each 19 L container. After mixing to assure all sediment was in suspension, subsamples were taken immediately, fi ltered through a 0.45μm pore diameter fi lter, and analyzed for DRP using the molybdate-reactive P method within 24 h of the rain event. Total P in the unfi ltered runoff samples was determined using a modifi cation of the EPA-3051 microwave-assisted acid digestion (USEPA, 1995) by combining 10 mL runoff solution and 10 mL concentrated HNO 3 with subsequent analysis by ICP-AES. . Soil samples were oven dried at 32°C, sieved through a 2 mm screen, and analyzed for pH and available P. Soil pH was measured using 0.01 M CaCl 2 with a 1:2 soil-to-solution ratio. Available soil P was determined using Modifi ed Morgan's solution (1.25 M NH 4 OAc at pH 4.8) with a 1:5 soil-to-solution ratio (McIntosh, 1969) . Phosphorus in the extracts was measured colorimetrically using the molybdate-reactive P method. Total P was determined by the same modifi ed EPA-3051 microwave-assisted digestion method used on the manure samples and runoff solutions.
Experimental Design and Statistical Analysis
Twelve runoff pans (three replicates of each diet plus three nonmanured pans) were arranged in the rain simulator in a completely randomized design at each of the three rain events (2, 5, and 9 d after manure application). Levene's homogeneity of variance tests were performed at P ≤ 0.05 to determine if data transformations of the dependent variables were necessary to stabilize variances before running ANOVAs. After required transformations, two-factor ANOVAs were performed on the manure treatments using PROC MIXED in SAS (SAS Institute, 2001) to detect diet P and runoff event timing main eff ects and interactions. Single-factor ANOVAs were performed using PROC GLM in SAS to examine diff erences among P diet treatments (including the no-manure treatment) within each rain event time, and to examine diff erences among rain event times within each P diet manure treatment. If a signifi cant F-test value was obtained from an ANOVA at P ≤ 0.05, Duncan's multiple range test was used to compare means. Treatment diff erences were considered signifi cant at P ≤ 0.05. Analyses were performed using transformed data where necessary, but raw data is presented for ease of interpretation.
Results and Discussion

Dietary Phosphorus Eff ects on Manure and Runoff Phosphorus
Expected diff erences in manure TP between low (LP) and high (HIP and HOP) diets were achieved. Manure TP levels observed in this study were within 1 g kg −1 of that estimated using the model of Morse et al. (1992) , which estimates excreted P based on P intake and milk production. Manure TP and WEP concentrations from cows fed HIP and HOP diets were signifi cantly higher (30-92%) than from the LP diet (Table 1) . Manure TP and WEP concentrations from the HOP diet were signifi cantly greater than the HIP diet (28 and 18%), refl ecting the diff erences in estimated P balance between diet groups and consequent P excretion in manure.
Main eff ects and interactions of dietary P and rain event timing were signifi cant for both runoff TP and DRP concentrations and loads (Table 2) . Th e main eff ects were lower runoff P concentrations and loads from manure of cows fed the LP diet as compared to manure from cows fed the HIP and HOP diets, and higher concentrations from the 2-d rain event than from the 5-and 9-d events. Th e proportion of TP as DRP (ratio of DRP to TP) increased signifi cantly with delayed rain timing but was not aff ected by diet.
Because there were signifi cant interactions, we examined combinations of rain event timing and diet (Table 2) . Dietary P eff ects on runoff TP concentrations from the manured treatments were signifi cant for the fi rst rain event (2 d) but not from ), HIP = high inorganic phosphorus diet (4.4 g P kg -1 ), HOP = high organic phosphorus diet (4.6 g P kg -1 ). ‡ Means followed by the same letter in each column are not signifi cantly diff erent (P ≥ 0.05).
the later ones (5 and 9 d). Although not signifi cant statistically, TP concentrations from runoff 5 d after manure application had similar relative diff erences due to diet as rain at 2 d-46% higher concentrations from the high P diets (average of HIP and HOP) than from LP diets at 5 d compared to 39% higher from the 2-d runoff . Nonsignifi cant increases in runoff P concentrations from manure from cows fed the high P diets were less at 9 d (average of 20%). Greater variability among the individual soil pans at 5 d (CV = 41) compared to 2 d (CV = 12) may explain the lack of signifi cance despite similar numerical treatment diff erences. Th erefore, it is not clear whether dietary P eff ects diminish when runoff occurs more than 2 d after manure application or if increased variability has obscured the eff ects.
In the case of DRP concentrations, one of the high P diets was higher than the low P in both 2-d (HIP) and 5-d (HOP) events. Increases in runoff DRP from manure from the HIP diet relative to the LP diet were fairly consistent across rain event times (19-29%), while those from HOP were more variable (3-55%). Th e variability was again higher at 5 d (CV = 28) compared to two (CV = 9) and nine (CV = 16) days. We have no explanation for the lack of diff erence in DRP concentrations in the 2-d runoff between manure from cows fed the LP and HOP diets.
Th e mass load (concentration x runoff volume) of TP and DRP showed similar trends as concentration in the 2-d and 5-d runoff times, but signifi cant diet eff ects only for DRP load at 5 d (Table 2) . One or both high-P diets had greater TP and DRP load than the low P diet in the 9-d runoff event (Table 2) , resulting from a combination of nonsignifi cant concentration diff erences and unexplainable, but signifi cant, volume diff erences. Dietary P had no signifi cant eff ect on TP or DRP load during the fi rst two rain event times. In the 2-d runoff event, where there was a signifi cant dietary P eff ect on DRP concentrations, the runoff volume from the LP treatment was greater than from the HIP and HOP treatments (though not statistically signifi cant), which minimized any diff erences in P load. In the 9-d runoff event, the TP and DRP loads were greater from the HIP and (for DRP) HOP diet than for the LP diet, more a function of volume than concentration diff erences.
Diff erences between P supplementation sources were significant for DRP concentration at 2 d, the HIP diet being higher than the HOP diet, despite the fact that the P content of the HIP manure was lower (Table 1) . Trends in P diet source eff ects on runoff P concentrations from later rain events were variable and nonsignifi cant, but the signifi cant eff ect in DRP (and trend in TP) in the 2-d rain event suggest that P release to runoff from manure from cows fed an organic P source may be less than that from an inorganic P source. Th e only other signifi cant P source eff ects were for the volume-driven diff erences (HIP > HOP) in TP and DRP load at 9 d.
Rain Event Timing Eff ects on Runoff Phosphorus
Time interval between manure application and a rain event had a signifi cant main eff ect on TP and DRP runoff concentration and load (Table 2) . Delaying a rain event from 2 to 5 d after manure application reduced runoff TP and DRP concentrations on average 89 and 65%, respectively, with minimal further decreases with delay to 9 d. More specifi cally, there was a consistent and signifi cant pattern of rain timing eff ects on TP and DRP concentration and load within each of the P diet manure ap- Table 2 . Means and ANOVA of runoff characteristics as aff ected by combinations of P diet and rain event timing.
Concentration
Load Rain event timing P Diet TP DRP DRP/TP † Volume TP DRP Time to runoff 26 † The dissolved reactive phosphorus-to-total phosphorus (DRP-to-TP) ratio is an average of multiple runoff simulation pans, which may diff er from calculations based on the TP and DRP values in the table. ‡ Timing of a rain event is number of days after manure application. § LP = low phosphorus (unsupplemented) diet, HIP = high inorganic phosphorus diet, HOP = high organic phosphorus diet. ¶ Means followed by the same letter in each column within a rain event are not signifi cantly diff erent at the 0.05 probability level by Duncan's multiple range test.
plications (2 d > 5 d = 9 d), but no signifi cant diff erences where no manure was applied (Table 2 ; statistics not shown). Th e decreased runoff P concentrations with delay in simulated rain are likely a result of increased sorption of manure P with longer contact with the soil (Sharpley, 1997) , in combination with the eff ects of drying of the surface-applied manure (McDowell and Stewart, 2005) . Th ese results are consistent with those of Sharpley (1997) , which showed decreased runoff TP and DP concentrations from incorporated poultry liter with delay of runoff -producing rain from one to seven or more days after application, and with those of Westerman and Overcash (1980) , which showed decreased runoff P losses from poultry and swine manure surface-applied to fescue with a delay of runoff events from 1 h to 3 d.
Based on these results, if manure applications can be done at a time when a rain event is not expected for several days, runoff P losses may be signifi cantly reduced. It is important to note that most ammonium volatilization occurs as manure is drying soon after application, so the lower potential for runoff P losses must be balanced with the likely increased emission of ammonia to the atmosphere. Care should be taken to account for this N loss so as to maintain an adequate N supply for the crop.
Adding manure from any P diet to the soil surface significantly increased runoff TP concentrations compared to the nonmanured soils 2 and 9 d after manure application, with smaller nonsignifi cant diff erences at 5 d (Table 2) . Concentrations of DRP from the manured soils ranged from 40 to 100 times greater than the DRP concentrations from the nonmanured soils at each rain event (Table 2) . Th e increase is attributed to a large source of WEP from the surface-applied manure. Th erefore, even though DRP concentrations from surface-applied manure may decrease with time (65% decrease from 2 to 5 and/or 9 d), the manure still contributes much more DRP to runoff than nonmanured soils do.
Th e proportion of runoff TP as DRP in the manured soils increased as the time interval between manure application and the occurrence of a rain event increased (Table 2) . Th e average DRP-to-TP ratio at 2, 5, and 9 d after manure application was 19, 62, and 86%, respectively, all signifi cantly diff erent. Th e increases in the DRP-to-TP ratios are a result of larger decreasing trends in TP concentrations relative to those of DRP (Table 2) . Th e less dramatic decrease in runoff DRP may be the result of drying. Ajiboye et al. (2004) has shown that oven-drying in the laboratory causes sodium bicarbonate-extractable P in manure to be transformed into water-extractable P, which could then be transported in runoff as DRP. However, Chapuis-Lardy et al. (2004) showed that dried and ground dairy manure had lower WEP than fresh, and McDowell and Stewart (2005) found that both water-and bicarbonate-extractable P concentrations were decreased in air-dried compared to fresh cattle manure. Vadas and Kleinman (2006) found that the eff ect of air-or oven-drying compared to fresh shifted from an increase to a decrease as the solution-to-solids ratio increased. Th ese varied results show the complexity of drying and related eff ects on manure P pools. Th e only signifi cant eff ect of diet on the DRP-to-TP ratio was a higher value for LP (vs. HOP) at 2 d.
Eff ects on Time to Runoff Initiation
Th e time to runoff initiation was not a factor in the fi nal runoff P concentrations or loads since 30 min of runoff was collected from each treatment. However, the time to runoff initiation can be important in a practical sense, especially during short duration rain events. Runoff occurred much faster from rain 2 d after manure application (average of 6 min) compared to the 5-and 9-d rains (average of 21 min, Table 2 ). Th e additional drying time in the 5-and 9-d treatments would likely have reduced the moisture content of the manure and soil. Th is would have increased their capacity to absorb water, thereby increasing the time required to reach saturation and initiate runoff . Th erefore, if a rain event of the intensity used in this study were <20 min long, then the risk of runoff P losses would be very low or nonexistent from surface-applied manure that has dried for 5 or more days because no runoff would be produced.
Th e nonmanured treatments at 2 d after manure application took signifi cantly longer ( >20 min) to begin runoff compared to the manured pans, but the diff erences were no longer evident 5 and 9 d after manure application (Table 2) . Th e water added with liquid manure would mean less water would be required to reach saturation and initiate runoff . And there may have been sealing of the soil surface by manure solids, as has been noted in fi eld studies with surface-applied cattle slurry (Smith et al., 2001 ); although it is not clear why this eff ect would have disappeared by the later rain events.
Statistical analysis showed that dietary P had a signifi cant eff ect on runoff volume and time to runoff initiation (Table  2) . Th ese results are diffi cult to explain since all the manures were applied at the same application rate and should have only diff ered in P content.
Summary
Feeding a lower P diet resulted in lower concentrations of TP and DRP in runoff 2 d after manure application. By the runoff event 5 d after manure application, dietary P only had a signifi cant eff ect on runoff DRP concentration, although TP concentration in manure from cows fed the LP diet was still numerically less than those from the HIP and HOP diets. Dietary P supplementation source had a signifi cant eff ect (dicalcium phosphate > wheat middlings) on DRP concentration in runoff 2 d after manure application, but the lack of signifi cant diff erences in later rain events leaves some uncertainty as to the longer term eff ects of P supplementation source. Overall, reducing dietary P to NRCrecommended levels can be an eff ective approach to reducing manure P concentrations and subsequently runoff P losses from land-applied manure, while also helping to balance whole-farm P budgets by reducing P imports.
Extending the timing between manure application and a runoff event can signifi cantly reduce the risk of excessive runoff P concentrations. Total P and DRP concentrations were reduced approximately 89 and 65%, respectively, by delaying rainfall from 2 to 5 d after manure application. Based on the results of this research, if management allows, manure applications should be done at a time in which runoff generating-rain-fall is not expected for 5 or more days. However, more research is needed to determine if a manure application-runoff event interval of 4 or 3 d would have the same eff ect on minimizing runoff P. While runoff P concentrations decreased with the delay of a rain event, the decrease in DRP concentrations was much less than that of TP concentrations, resulting in an increase in DRP-to-TP ratio. Th is is important from a water quality perspective since the DRP fraction contributes most directly to eutrophication of lakes and streams.
